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Introduction 46 47
Spontaneous otoacoustic emissions (SOAEs) are sounds that are emitted by the 48 inner ear in the absence of any stimulation. They can be recorded using a sensitive 49 microphone in the ear canal. SOAEs appear as amplitude-stabilized signals and 50 evidence suggests that they reflect properties of hair cells (Brownell, 1990; Manley, 51 2000; Kemp, 2002) . Only about 60 to 70 percent of young, normal-hearing humans 52 have recordable SOAEs (Talmadge, et al., 1993) , an indication that SOAEs are not 53 essential for sensitive hearing in humans. Similarly, SOAEs are not shown by most 54 laboratory animals, although their hearing sensitivity is normal. It is not yet clear why 55 most mammalian species that were studied do not have detectable SOAEs. 56 57 Despite great variation of the inner ear anatomy, SOAEs have been described from 58 all land vertebrate classes (e.g.: mammals: Kemp, 1979; Ohyama, et al., 1991; 59 Talmadge, et al., 1993, birds: Manley and Taschenberger, 1993; Taschenberger and 60 Manley, 1997, lizards: Manley, 2000 Manley, , 2001 Manley, , 2004 amphibians: Palmer and Wilson, 1982 ; van Dijk and Manley, 2001) . SOAEs share 62 characteristics across species (Köppl, 1995; Bergevin, et al., 2015) , suggesting that 63 they represent a fundamental inner ear characteristic Manley, 64 2000 Manley, 64 , 2001 . In lizard species, the characteristic and selective effects of suppressive 65 tones, which enable building suppression tuning curves (STCs), show remarkable 66 resemblances to the excitatory threshold tuning curves of single, auditory-nerve fibers 67 (Manley and Köppl, 2008) . Even though otoacoustic emissions were initially 68 described 40 years ago (Kemp, 1979) , details regarding their origin and their 69 significance for inner-ear function remain unexplained. 70
71
The fact that avian hair cells are able to regenerate and maintain their functionality 72 (Langemann, et al., 1999; Smolders, 1999; Ryals, et al., 2013; Krumm, et al., 2017 ) 73 has placed birds in the focus of hearing research. Previous behavioural studies 74 showed that starlings, Sturnus vulgaris, and barn owls, Tyto alba, do not develop 75 presbycusis during their lifetime (Langemann, et al., 1999; Krumm, et al., 2017) . 76
Moreover, the avian basilar papilla is homologous to the mammalian cochlea (Manley 77 and Köppl, 1998; Köppl, 2011; Manley, 2000 Manley, , 2017 and the hearing range of barn 78 owls covers frequencies from below 500 Hz to above 10 kHz and is thus very similar 79 to the human range of acoustic perception (Konishi, 1973) . Behavioral tests also 80 showed that birds and mammals perform similarly when discriminating frequency or 81 level (Dooling, 1982 ; review: Köppl, 2015) . 82
Avian hearing organs have two types of hair cells that grade into each other. Of 83 these, the short hair cells, that are defined by their lack of an afferent innervation 84 (Fischer, 1992; Manley and Gleich, 1992; Köppl, 2011) , show functional similarities to 85 mammalian outer hair cells (Beurg, et al., 2013) and may be involved in active 86 amplification (Manley and van Dijk, 2008) . Despite characteristic differences in the 87 details of their ear morphologies, SOAE suppression has been demonstrated in both 88 birds and mammals and thus allows the intra-and interspecific evaluation and 89 comparison of frequency tuning. Understanding the SOAE properties of barn owls 90 might help elucidate their source and contribute to our general understanding of 91 frequency selectivity. 92
The barn owl represents a highly specialized species and is established as a model 93 organism for hearing research. By relying on acoustic cues, this animal can localize 94 and catch its prey with high precision even in complete darkness (Payne 1971; 95 Konishi, 1973) . Compared to other bird species, barn owls perceive higher frequency 96 sounds (Konishi, 1973; Dyson, et al., 1998; Krumm, et al., 2017) and, due to the 97 effects of the facial ruff, at lower sound pressure levels (review: Köppl, 2015) . 98
Moreover, the inner ear of the barn owl is complex and large, being 12 mm long 99 (Fischer, et al., 1988) . In most birds, such as pigeons (Smolders, et al., 1995) or 100 chickens (Fischer, 1992) , the basilar papillae are only approximately 5 mm long. The 101 auditory sensitivity range of the barn owl ear covers about 5 octaves. Extraordinarily, 102 the barn owl cochlea has an auditory fovea in which the highest-frequency octave 103 (above 5 kHz) occupies half of the entire papilla . Barn owls also 104 perform remarkably fast temporal processing, with neuronal phase locking up to 105 10 kHz, i.e. more than an octave above the frequency ranges of phase locking shown 106 in any other species (Köppl, 1997b) . 107
To date, the barn owl is the only bird species in which SOAEs have been detected. 108
Comparisons between mammalian and non-mammalian SOAEs reveal profound 109 similarities, even though the anatomical properties of the inner ears differ significantly 110 (Manley, 2001; Bergevin, et al., 2008 Bergevin, et al., , 2015 . Although a previous study demonstrated 111 the existence and basic properties of SOAEs in barn owls (Taschenberger and 112 Manley, 1997) , the sample was limited due to the relatively poor sensitivity of the 113 recording systems at that time. Moreover, it provides insight into inner ear mechanics, and in humans has been 120 suggested to probe standing waves in the inner ear (Manley and van Dijk, 2016; Epp, 121 et al., 2018) . In this respect it is not important whether the loss of amplitude in the 122 presence of added tones is due to true suppression or to entrainment by the external 123 tone. In this report, we use the term "suppression tuning". 124
Using a more sensitive and partly automated data acquisition system in this study as 125 compared to the previous report (Taschenberger and Manley, 1997) , we obtained a 126 larger SOAE sample and compare details of STCs of barn owls to neuronal tuning 127 curves from nerve fiber recordings in the same species (Köppl 1997a, b, and 128 unpublished results). The measurements were carried out on seven adult barn owls (Tyto alba), aged 135 between 1.5 and nearly 5 years, from the breeding colony of the Carl von Ossietzky 136
University Oldenburg, Germany. The protocol was approved by the relevant 137 government agency (LAVES, Oldenburg, Germany; permit number 33.9-42502-04-138 13/1182). Animals were lightly anesthetized with a combination of ketamine and 139 xylazine to prevent movement during the measurements. They were deprived of food 140 12 h previously and the initial intramuscular (i.m.) injections were given immediately 141 after capture, to minimize stress levels during the entire procedure. Initial doses were 142 3 mg/kg xylazine (2%, Medistar, Serumwerk Bernburg AG), and 10 mg/kg ketamine 143 In one individual, the tone duration was 2.4 s. The stimulus frequencies were chosen 211 to generously cover the range in which SOAEs were detected. In most cases, the 212 suppression frequency varied from 4 to 16 kHz in 1/24 octave steps. In one individual, 213 the step size was 1/16 octave. 214
215
The stimulus levels varied between presented frequencies and ears. The widest 216 range was -13 to 81.2 dB SPL in 4 dB steps. In a typical case, with 49 frequencies 217 between 4 and 16 kHz and 22 levels, the total number of stimuli was 1078. The sound 218 pressure levels (SPLs) of the stimuli were roughly equalized according to the 219 frequency response recorded using a Brüel & Kjaer system (type 4136) in a custom-220 build coupler that mimicked the acoustics of the barn-owl ear canal. Final SPLs were 221 post-hoc corrected using the Etymotic ER10-C readings of actual stimulus levels in 222 the individual ear canal, using a single sensitivity factor for the ER10-C. 223 224
Data analysis 225
From the microphone recording of a single tone presentation, the effect of that tone 227 on each of the SOAE spectral peaks could be obtained. For each SOAE frequency 228 (f average ) of interest, the following analysis was carried out. 229
As described above, for each stimulus tone, a recording of 1.5 seconds was stored: 230 0.15 s without stimulus, then 1.2 s with stimulus, followed by 0.15 s without stimulus. 231
The center 1 second of this recording was evaluated. Note that the stimulus tone was 232 on during this entire 1-second interval. The purpose of the subsequent analysis was 233 to determine the amplitude of the SOAE of interest in the presence of the tonal 234
stimulus. 235
First, a tonal signal with a frequency equal to the stimulus plus two higher harmonics 236 was fitted to the time-domain of the recorded signal. The resulting fit was subtracted 237 from the recorded signal. This provided a residual that included the SOAEs from the 238 barn owl ear, but excluded the stimulus tones and its harmonics. Second, the SOAE 239 frequency of interest was isolated by application of a zero-phase band-pass filter with 240 an amplitude response determined by the average f average and the width of the filter 241
The center frequency of the filter was placed at the unsuppressed f average and the 246 width of the filter set to 400 Hz. 247
248
The Hilbert phase of the filtered signal was then used to compute the average of the 249 actual SOAE frequency during the 1-s segment. Thirdly, the filter procedure was 250 repeated, but with a filter center frequency that now equaled this computed SOAE 251 frequency, and the filter width was narrowed to 200 Hz. Finally, from the resulting 252 filtered signal, the SOAE level was obtained as the averaged Hilbert envelope. 253
As described above, the f average was used as the center frequency of the initial filter 254 during the suppression analysis. Whenever the emission frequencies of the initial 255 (step 1) and final recording (step 3) drifted by ≥ 200 Hz, this particular SOAE was 256 excluded from the analysis (in total 9.6% of all SOAEs), since the SOAE signal would 257 potentially drift out of the analysis filter and would not be reliably tracked. 258
By repeating this procedure for each of the stimulus presentations, a full frequency 259 matrix of SOAE amplitudes was obtained. Each matrix element contained the SOAE 260 amplitude for a specific stimulus amplitude and -frequency. This procedure was only 261 able to reliably identify and isolate SOAEs that were more than about ±100 Hz away 262 from a stimulus tone; for stimulus tones closer than this 200 Hz window, we were unable to assess SOAE suppression. For every stimulus frequency, the tone level at 264 which the emission reached 2 dB attenuation was calculated. A 3-point moving 265 average along the level and frequency dimensions was applied to create smoothed 266 matrices. Such a data set was obtained for each f average , whenever 2 dB attenuation 267 was reached the smoothed amplitude matrix was computed by linear interpolation 268 between successive tone levels. The results were subsequently combined for various 269 the SOAE frequencies (f SOAE ). The f SOAE ranged from 3.4 to 10.2 kHz. Figure 1 shows 300 representative individual SOAE spectra. A total number of 178 SOAEs was observed. 301 SOAE levels were clearly above the microphone noise ( fig. 2A ). As an example, 302 consider a small peak with a peak level at -20 dB SPL and a spectral width of 200 Hz. 303
The peak level corresponds to 2 μPa. Thus, in the spectrum, the total area under the 304 peak (L) is: π/2 • 2 • 200 = 1256 μPa. Hence the peak level (L) equals: 10 • 305 log 1256/20 = 5dB SPL, which is well above the noise floor for a bandwidth of 1 Hz 306 ( fig. 2A ). The noise level is thus substantially lower than the level of small peaks ( fig.  307 1). 308
SOAEs overlapped at the base of the amplitudes and thus often formed a plateau that 309 was well above the microphone noise floor and ranged in frequency from 310 approximately 6.5 kHz to 10 kHz. Figure 2B shows that the emission peak width, 311 determined from the Lorentzian curve fit, did not strongly correlate with SOAE level 312 The thresholds of the 2 dB STCs varied from 7.0 to 57.5 dB SPL, with no trend across 337 f average (R 2 =0.05; p=0.07). Figure 3B shows that narrower SOAEs were suppressed by 338 external tones of lower sound pressure levels than spectrally broader SOAEs 339 (R 2 =0.39; p<0.001). Furthermore, SOAEs with relatively lower levels required a higher 340 sound level for suppression, whereas larger SOAE levels were suppressed by tones 341 of lower sound pressure levels ( fig. 3C ; R 2 = 0.36, p<0.001). A comparison of the 342 methods to derive SOAE levels of Taschenberger and Manley (1997; peak level) and 343 our study (area under the peak) was carried out on our new data, to assess the 344 difference that it potentially makes to the results. Peak levels were typically 10 dB 345 lower. In order to show SOAE levels of both studies in a comparable way, we 346 therefore added 10 dB to all the Taschenberger and Manely (1997) data ( fig. 3C ). 347
In order to compare the STCs to neural tuning curves (TCs) in the same species, data 348 from two previous reports were plotted together with the results of the present study 349 3C). This is presumably due to the higher sensitivity of the equipment used. 391
If SOAE in any individual ear did shift in frequency, all SOAE shifted in the same 392 direction, suggesting a common influence such as minor variations in body 393 temperature (that have large effects, see Taschenberger and Manley, 1997) or 394 possibly changes in tonic efferent activity (Manley, et al., 1999) . 395
The distance between neighboring SOAEs was near 430 Hz in all frequency ranges 396 and across ears ( fig. 2C and supplementary fig. 1 ). This contrasts with emission 397 spectra in humans, where the spacing between SOAE peaks increases with 398 increasing frequency of the neighboring peaks (reviewed in Shera, 2003) . The 399 spacing in human SOAE spectra presumably reflects standing-wave conditions for 400 which backward and forward travelling waves in the cochlea can combine to produce 401 a standing wave on the basilar membrane. In lizard SOAE spectra also, the spacing 402 generally increases with the peak frequency . In birds, including 403 barn owls, sharply tuned traveling-or standing waves presumably do not exist on the 404 basilar membrane, since in pigeons and chickens only broadly-tuned travelling waves 405 without evidence for nonlinear amplification were observed (Gummer, et al., 1987;  amplification and nonlinear behavior, such as the high sensitivity and sharp tuning of 408 auditory nerve fibers, otoacoustic emissions, and active motile processes in hair cells 409 (e.g., Manley, 2001; Peng and Ricci, 2011; Beurg, et al., 2013) . Although membrane 410 channel densities and kinetics (electrical tuning) contribute to sharp frequency tuning, 411 this component fades towards the upper frequency range of bird hearing, above 412 several kHz (Wu, et al., 1995) , i.e. in the frequency range of particular interest in the 413 barn owl. 414 415
SOAE suppression by external tones 416 417
In all classes of terrestrial vertebrates so far studied, SOAEs have been shown to be 418 sensitive to the presence of external tones, especially near their peak frequency. In 419 barn owls, also, SOAE level was suppressed by external tones, depending on the 420 frequency distance between the external stimuli and the SOAE and on stimulus level. 421
Stimuli closer in frequency to the SOAE had a larger suppressive effect than those 422 further away, and tones of higher level were more suppressive than those of low 423 level. Thus the typical V-shaped STCs were observed. The suppression tuning curves 424 obtained here were similar in their shape to those observed in the earlier study of 425 barn owls (Taschenberger and Manley, 1997 higher). In our study, the most effective suppressor stimulus in owls was either below 432 or above the SOAE peak frequency, with a tendency that STC tips lay above 433 emission frequency. Due to the analysis procedure, it was not possible to fully 434 evaluate the tip region of the STCs, i.e. stimulus frequencies within ±100 Hz of the 435 emission frequency. mechanism; consequently other models have to be considered (e.g. Bergevin and 441 Shera, 2010) . Earlier SOAE suppression studies in other species, such as lizards 442 (Köppl and Manley, 1994; Manley, et al., 1996; Manley, 2004 Manley, , 2006 ), described f SOAE 443 changes caused by external tones. Generally, the f SOAE shifted away from the 444 stimulus frequency (frequency "pushing"), especially when the stimulus frequency 445 was above the emission frequency. Stimuli of greater sound pressure level and 446 frequency nearer the emission frequency increased the f SOAE shift up to several 447 hundred Hz (Köppl and Manley, 1994; Manley, et al., 1996; Manley, 2004) . Human 448 SOAEs can also be both pushed away from or pulled towards an external stimulus 449 (Long, 1998; Baiduc, et al., 2013; Manley and van Dijk, 2016) . This SOAE shift is, 450 however, very much smaller in humans than in lizards. Presumably, human SOAEs 451 are frequency stabilized by the standing-wave mechanisms discussed above. however, that the high-frequency flank of some STCs flattened out towards the high 475 suppressor levels, something which was never observed in neural TCs. In humans, 476 the side lobes were attributed to the interactions between the suppressing stimulus 477 and the SOAE standing wave (Manley and van Dijk, 2016) . 478
The absence of secondary suppression lobes in the barn owl can be interpreted as 479 standing waves not being present. This may reflect expected differences in the 480 cochlear mechanics of the barn owl compared to mammals. Note that these 481 secondary minima were also seen in neural tuning curves in the bobtail and other 482 lizard species (e.g, Manley, et al., 1988) . However, the side lobes of STCs and neural 483 tuning curves in lizards cannot be caused by standing waves, as suggested for 484 humans, as there are no traveling waves on the basilar membrane (e.g., Manley, et 485 al., 1988) . The inconsistent presence of side lobes in suppression tuning curves and 486 neural tuning curves suggests different inner ear tuning mechanisms in mammals, 487 birds and lizards. 488
Behaviourally obtained hearing thresholds of the barn owl indicated sensitive hearing 489 between 200 Hz and 12 kHz (Konishi, 1973; Krumm et al., 2017) . However, SOAEs tip threshold, such that narrower and larger SOAE suppressed more easily, with lower 500 thresholds ( Fig. 3B, C) . At present, we can only speculate on the origin of these 501 correlation by considering simple oscillator models (Stratonovich, 1967) . The models 502 tend to suggest a relation between oscillator amplitude and suppression threshold 503 that is reverse to what has been observed here: in the oscillator model the 504 effectiveness of an external force (amplitude E) to modulate a self-sustained 505 oscillation (amplitude A) always depends on the ratio E/A. The larger the oscillator 506 amplitude A, the stronger the external force E is needed to affect the oscillator's 507 behavior. In the current work, the reverse appears to be true. The relation between 508 suppression threshold and the ratio E/A of an external suppressor tone (E) and the 509 oscillation amplitude (A), assumes that the internal noise level, to which the oscillator 510 is exposed, is relatively constant. Specifically, the noise level is considered to be 511 constant across SOAEs with various oscillation amplitudes. This assumption appears 512
to be approximately correct for human SOAEs, where a negative correlation between 513 SOAE width and level was found (Talmadge, et al., 1993 , van Dijk, et al., 2011 .
However, in the barn owl, SOAE peak height and width are not significantly correlated 515 ( Fig. 2B) . As a consequence, the internal noise of the SOAE oscillator is not at a 516 constant level across SOAE peaks. The oscillators internal noise counteracts its 517 synchronization to an external tone. Thus, less internal noise implies easier 518 synchronization with lower suppression thresholds. Consistent with this view, 519 relatively narrow SOAEs have low suppression thresholds ( Fig 3B) . 520
521
The STC results of the present study were plotted together with the already published 522
STCs and neural TCs of the barn owl ( fig. 4A ). Between 5 and 10 kHz, both STC 523 measurements (Taschenberger and Manley, 1997) and TCs of single auditory nerve 524 fibers (Köppl 1997a, b , and unpublished results) show similar best thresholds. In the 525 present study, a higher STC threshold was obtained which, however, falls within the 526 range of the previously observed thresholds (STC: 1.55 to 27.33 dB SPL, neural 527 recordings: 1 to 43.6 dB SPL). This is plausibly explained by the negative correlation 528 between SOAE suppression threshold and SOAE level: weak SOAEs have high 529 suppression thresholds ( fig. 3C ) and the more sensitive recording equipment allowed 530 the recording of many more small SOAEs. Consequently, overall SOAE suppression 531 thresholds are higher in the current study when compared to Taschenberger and 532 Manley (1997) . 533 Here, the current data are compared to previous reports of STCs (Taschenberger and 537 Manley, 1997) and neuronal TCs Köppl, 1997a, b and unpublished results) of the 538 barn owl ( fig. 4B ), within the overlapping frequency range from 5 to 10 kHz. The Q 10dB 539 values were similar, but lower in the current study. 540
Another difference to previous findings was the absence of any frequency 541 dependence on tuning sharpness in our data. Köppl (1997a) showed that barn-owl 542 eighth-nerve axons were narrowly tuned, even at SPLs much above CF threshold. 543
The mean neural Q 10dB increased with CF according to a power law from 1.7 at 544 0.5 kHz to 7.25 at 9 kHz (Köppl, 1997a) . Similarly, in behavioural data, the auditory 545 filter bandwidth increases within the auditory fovea (Dyson, et al., 1998) . In contrast, 546 the SOAE suppression measurements described here did not reveal such a trend; a 547 regression across SOAE-STC sharpness data was flat ( fig. 4B) . 548
In humans and in lizards, there is a clear trend for STC tuning sharpness to increase 549 with frequency . If this reflects the logarithmic distribution of 550 frequencies in the tonotopy of the papillae of these species, then the lack of such an 551 increase in the barn-owl data simply reflects the almost linear distribution of 552 approximately 80% of the frequency range of its cochlea . 553
554
In summary, STCs are similar to neural TCs in some details but were, on average, 555 less sensitive and less sharply frequency tuned ( fig. 4B) distribution. There is also no correlation between spontaneous rate and other 568 physiological properties such as response threshold or tuning sharpness (e.g., Köppl, 569 1997a Köppl, 569 , 2011 . 570
In mammals under ideal recording conditions (Sellick, et al., 1982; Rhode, 1995; 571 Narayan, et al., 1998) , tuning at the basilar membrane level matches recordings of 572 single auditory nerve fibers. This is unlikely to be the case in birds. Although 573 equivalent measurements are not available for barn owls, in both chicken and pigeon, 574 basilar-membrane motion showed poorer frequency tuning than auditory-nerve fibers, 575 and no clear evidence for active amplification (Gummer, et al., 1987; Xia, et al., 576 2016) . fig. 1A ). The triangles indicate the SOAE frequencies.
The colors match the corresponding STC. The stimulus frequencies within 200 Hz of the unsuppressed spontaneous emission frequency were omitted (see main text) and appear as gaps in the STC. Behavioural thresholds in the barn owl are shown for reference, as black dotted lines (Krumm, et al., 2017) and blue dashed lines (Konishi, 1973) . (B) STC threshold as a function of unsuppressed SOAE width. (C) STC threshold as a function of unsuppressed emission level. Black-filled circles indicate STCs from this study (n=73) and filled orange circles data from Taschenberger and Manley, 1997 (n=7) . Note that 10 dB were added to the SOAE levels from Taschenberger and Manley (1997) , to correct for the different methods in level estimation between both studies. (Taschenberger and Manley, 1997) . Neural tuning curves: filled green triangles (Köppl 1997a, b , and unpublished results), for the frequency range from 5 to 10 kHz.
Supplementary fig. 1 Distances between two neighboring SOAEs, as a function of their average frequency. N is the ratio between the average SOAE frequency and the distance between the two emissions. The median distance was 430 Hz across the entire SOAE frequency range (see Fig 2C) . Supplementary fig. 2 Waterfall displays of the effects of external pure tones on the SOAE spectrum. Panels A-C show the tracked suppression of SOAE amplitudes (blue and red lines) over the trials with increasing stimulus level (y-axis). To avoid overlap, respective spectra were shifted up by 10 dB. The suppressor tone in each panel is indicated by a black arrow. (A) Stimulus levels presented ranged from 18 dB to 81 dB in 3 dB steps. (B) and (C) Stimulus levels were 9 dB to 72 dB in 3 dB steps. At higher stimulus levels, SOAEs were suppressed. No systematic pushing or pulling of SOAE along the frequency axis was observed. 
